Optical and magnetooptical properties of opal photonic crystals modified by Co nanoparticles have been investigated by modulation spectroscopy technique in the visible spectral range from 400 to 800 nm. The Co nanoparticles of 1 to 8 nm in size were formed by means of chemical reduction reaction inside synthetic opal crystals composed of regularly close-packed SiO2 spheres of diameter 250-300 nm. As it was estimated from the spectral shift of the stop band of photonic crystals, Co nanoparticles occupied up to several percent of void volume in opal crystal lattice. In the Faraday configuration, external magnetic field induced the change in optical transmission normalized to sample thickness 1 cm and magnetic field 1 T equal to 0.10-0.35 for Co-modified opal crystals in the spectral range under consideration. The fabricated hybrid structures can be considered as a possible prototype of magnetophotonic crystals.
MAGNETOOPTICS OF OPAL CRYSTALS MODIFIED BY COBALT NANOPARTICLES
I
Introduction
The possibility to form the photonic band gap has invoked a great interest to photonic crystals (PCs) [1] such as synthetic opals, which possess the photonic band gap in visible spectral range. The presence of magnetic component in photonic crystals leads to extension of functionality of hybrid samples and fabrication of magnetophotonic crystals (MPCs) [2] . MPCs were developed on the basis of opal-type structures infiltrated with various magnetic compounds such as (Bi,Y)Fe 5 O 12 and Tb-Ga garnets [3] [4] [5] , magnetite Fe 3 O 4 [6] [7] [8] , magnetic fluids Dy(NO 3 ) 2 [9] and iron porphyrin FeTPPS [10] , cobalt ferrite CoFe 2 O 4 [11] , and BiNi [12] . At the present state of studies, the current problem is a search of prospective materials for fabrication of MPCs and determination of the main regularities in magnetooptical properties of these hybrid structures. However, until recently magnetooptical (MO) properties of 3D MPCs have not been extensively studied.
In this work the optical and magnetooptical properties of hybrid structures composed of synthetic bulk opal crystals with Co nanoparticles (NPs) have been investigated. The main goal was to develop the fabrication procedure for hybrid samples and to correlate the optical and magnetooptical properties with the sample structure and magnetic characteristics.
Experiment
The bulk opal crystals were synthesized (OPALON, Moscow) by gravitational sedimentation technique from monodispersed colloid solutions of SiO 2 spheres of diameter in the 250-300 nm range. In bulk synthetic sample the SiO 2 spheres were regularly spaced in fcc symmetry with the growth plane (111). The platelet samples of thickness 0.5-1.0 mm with the sides parallel to crystallographic plane (111) were cut and polished. In the sample surface plane ( Fig. 1(a) ) the domains of ∼10 µm in size were observed with point and line defects typical of solid state structures.
The Co NPs were formed inside the synthetic bulk opal samples by chemical reduction technique [13] . The presence of silanol groups on the surface of SiO 2 spheres [14] favours the formation of metal NPs. As precursor, water solutions of CoCl 2 ·6H 2 O (a) (b) of concentration 0.25-0.30% (samples OP1G, OP1F2, OP1l) and 1% (sample M4c) were used. The Co ions were reduced with ethanol solutions of NaBH 4 of concentration from 0.3 (OP1F) to 1.0% (M4c, OP1G) varying in dependence on the concentration of Co salt solutions. The reduction time varied from 10 min (M4c) to 1 h (OP1G, OP1F). The ions Co 2+ were reduced to metallic Co 0 along the following reactions [15] :
The reaction process underwent very quickly indicating spontaneous formation of Co seeds. It should be emphasized that in nonaqueous solution Co metal NPs are formed because the nonaqueous solvent, like ethanol, acts as a ligand L according to the following reaction [16] :
The Co metal NPs were formed inside bulk opal samples by immersion into solution. After immersion procedure, the samples were carefully washed in hexane and dried for 0.5-1.0 h at 100 • C.
The structural studies have been carried out by means of scanning probe microscope (SPM) Dimension 3100 / Nanoscope IVa from Veeco Metrology Group. The structure of sample surfaces was visualized in a tapping mode. The distribution of magnetic moments in the lateral plane was investigated by magnetic force microscopy (MFM) technique with magnetized Co/Cr-coated tips.
The magnetic properties of hybrid samples were studied in a wide temperature range (5-300 K) in magnetic fields up to 5 T making use of magnetometer Quantum Design. The temperature dependence of magnetic moment was investigated in both field-cooled (FC) and zero field-cooled (ZFC) regimes.
The optical properties of hybrid sample were studied in visible spectral range in the vicinity of the stop band of opal PCs. The measurements have been carried out by means of the set-up based on monochromator MDR-2 in the transmission and reflectance modes at various angles of light incidence. The divergence of the incident light beam was ∼1 • . The light transmitted or reflected from the sample was collected by fibre optical system with the angle aperture equal to 1.27 • . The incidence/reflection angle was scanned with a minimal step equal to 4 .
The MO spectra were investigated in the 400-700 nm range by means of photometric spectroscopic ellipsometer with photoelastic modulator (PEM) of light polarization operating at the frequency Ω = 30 kHz. The standard measurements were carried out in the PCSA -P(olarizer)-C(ompensator)-S(ample)-A(nalyzer) -configuration with PEM as compensator inducing the phase difference δ C = A 0 sin Ωt (A 0 is the modulation amplitude) between the normal components of polarized light. Analysis of detector signal depends essentially on the polarization state of normal waves propagating in the sample [17] . It is reasonable to assume that in Faraday configuration cubic opal samples under consideration possess the circular birefringence CB
where n −,+ is refraction index for circularly left (−) and right (+) polarized light of wavelength λ and d is the sample thickness. The CB is directly related to the magnetic Faraday rotation [18] . In the region of the stop band of PC the particular features of ellipsometric parameters can be considered [19] as pseudoabsorption band due to the Bragg diffraction. Therefore, in the studies of MO effects the manifestation of magnetic circular dichroism CD can be expected in this spectral range:
where K −,+ is absorption coefficient for circularly polarized light. In particular, at azimuth angles of optical elements at P = A = C − P = π/4, the signal at fundamental and double modulation frequency is
where J m (A 0 ) is the first kind mth order Bessel function and J 0 (A 0 ) = 0 at optimal modulation amplitude, Ψ and ∆ are ellipsometric parameters [17] . However, in some bulk opal samples the birefringence induced by residual strain was observed [20] leading to the presence of linear birefringence LB. In addition, in opal crystals intrinsic optical anisotropy was detected [21] in the region of the stop band. As a result, in magnetic field, the bulk opal crystal should correspond to a gyro-anisotropic structure [22] , the polarization properties of which become quite complicated. The ellipticity ε of the normal waves (where tan ε = b/a, a and b are the major and minor semiaxes of polarization ellipse, respectively) in transparent gyro-anisotropic media is caused by the ratio [17] 
where G is gyration [18] ,n is the average refraction index, and ∆n is linear birefringence. According to the superposition principle [18] , the phase difference between the normal waves propagating in gyroanisotropic crystal is determined by two contributions due to CB and LB:
In the case of small gyration (G n ∆n), at the orientation of optical elements P = 0, C − P = π/4, A = π/2, the ellipticity of normal waves can be determined [17] from
at the wavelength corresponding to interference extremum, i. e., at sin(∆/2) = 1. It should be emphasized that the electromagnetic waves transmitted through 1D MPC become elliptically polarized in the region of stop bands, even in non-absorbing case and at G = 0.
In the present investigations, the signal at the fundamental frequency I Ω in the experimental geometry PCS and PCSA has been measured for determination of MCD and effective magnetic birefringence, respectively. The Faraday rotation was measured at signal of double frequency I 2Ω in PCSA geometry with azimuth angle P − A = π/4. The linear dichroism LD was also studied at registration of the fundamental frequency signal I Ω in the PC(λ/4)S geometry (where λ/4 is the quarter-wavelength phase plate).
Though several mechanisms contribute to MO effects, the measured signal was always related to the magnetic field-induced changes. The final MO effect was determined as the difference between two signals obtained at external magnetic field of opposite directions:
where I
+B Ω and I
−B Ω
are the signals measured in the Faraday configuration for a constant magnetic field along the light beam and in opposite direction, respectively.
Results and discussion
The structural studies have confirmed the presence of Co NPs in hybrid opal samples. As an illustration, Fig. 1(b) presents the magnetic force microscope (MFM) phase image, in which the difference in magnetic properties of hybrid sample components is clearly revealed. As is seen, the magnetic clusters composed of Co NPs are formed on SiO 2 spheres and in the voids between them. However, the size of Co NPs is difficult to estimate from MFM/AFM images because of the roughness of opal surface composed of SiO 2 spheres. Therefore, the Co NPs on Si surface were prepared by the same technology as that used for their formation inside bulk opal samples. As seen from of Co NPs, larger and smaller, have been observed. The presence of magnetic clusters is explicitly detected in the phase image ( Fig. 2(a) ). It should be noted that in AFM height image, the profile of NPs in lateral plane is partially distorted because of the tip size, which is of order of 10-20 nm. For this reason, the size of Co NPs can be estimated more reliably from their height. From the analysis of cross-sections in height images ( Fig. 2(b, c) ) it follows that the size of Co NPs is of order of 1 and 8 nm for smaller and larger particles, respectively. As is well known [13] , physical properties of metal NPs fabricated by chemical reduction technique depend strongly on the formation conditions, which hence determine the morphology, chemical composition, and crystal structure of NPs. The investigations of temperature and field dependence of magnetization of hybrid opal samples have revealed the correlation between the magnetic properties and formation technology of Co NPs. Figure 3 illustrates the results of magnetic studies for two different samples of Co-modified synthetic bulk opal crystals. It should be noted that the diamagnetic contribution of opal matrix has been taken into account in the estimation of the total magnetic moment of hybrid sample. As seen from Fig. 3(a) , the blocking temperature T b , determined as the temperature at which the ZFC and FC curves start to separate and ZFC data show a maximum in the temperature scale, is higher for sample OP1G1a than that for sample M4c2. The difference in T b value should be related to the average size of Co NPs. It could be noted that T b = 150 K was determined [23] for the system of silica-coated magnetite/maghemite nanoparticles of core diameter 30 nm.
The field dependence of magnetization M is well fitted by Langevin function, which has been previously used [24] for interpretation of superparamagnetism of Co NPs. The presence of Co NPs of two different sizes (i = 1, 2) was taken into account:
where χ is magnetic susceptibility, M
sat is the saturation moment, x i = µ i H/(k B T ), µ i is the effective moment of a unit magnetic cell, and k B is the Boltzmann constant. The diameter d i of Co NPs was estimated assuming that interaction inside NP is the same as in bulk Co:
where M s is spontaneous magnetization. The analysis of the magnetic data has shown that at 300 K the Co NPs in opal can be considered as the system of non-interacting superparamagnetic clusters with ferromagnetic interaction inside cluster. It should be noted that the diamagnetic contribution (χ) of opal matrix at T = 300 K was measured separately and found to be −4.564·10 −7 emu/(g Oe). The corresponding diamagnetic contribution χH of opal matrix was subtracted from experimental curves in Fig. 3(b) . In the investigated series of Co-modified opal samples, it was estimated from the field dependence that total magnetic moment consists of magnetic moments' clusters, grouped around two dominant sizes. For example, the average moments of magnetic clusters are 13·10 3 µ B (where µ B is Bohr magneton) and 5·10 3 µ B for M4c2 sample, 29·10 3 µ B and 170 µ B for OP1G1a sample, whereas the number of clusters N = M sat /µ is correspondingly 2.3·10 13 and 1.1·10 14 for M4c2 sample, 2.1·10 13 and 1.4·10 16 for OP1G1a sample. Assuming the spherical shape of clusters and spontaneous magnetization within clusters to be M s = 1422 Gs [25] , the two dominant sizes of Co NPs were estimated to be 5.4 and 3.9 nm in M4C2 sample, 7.1 and 1.3 nm in OP1G1a sample for larger and smaller particles, respectively. The values are in a reasonable agreement with those evaluated from structural investigations of Co NPs on Si surface. Some correlation between the size of Co NPs and magnetization characteristic should be noted.
At low temperatures (T < 60 K) the magnetization shows hysteresis loop with coercivity growing up to 600 Oe and 740 Oe at T = 5 K for M4c2 and OP1G1a samples, respectively. The remnant magnetization grew up to ∼0.5·10 −2 emu/g at T = 5 K in both samples. It should be noted that magnetization shows no hysteresis loop at room temperature in the present samples, however in the composite system of Co NPs implanted in SiO 2 matrix the hysteresis loop was observed even at 300 K at high ion doses ∼1·10 17 ions/cm 2 [26] . The coercivity fields due to ferromagnetic interaction in SiO 2 -coated Co NPs of diameter ∼25 nm were found to be dependent on technology, mainly on calcination temperature, which has influenced both the properties and structure [27] .
The presence of Co NPs in hybrid opal PC influences significantly the optical properties of Co-modified opal crystals. On the one hand, the contribution due to surface plasmon resonance (SPR) [28] of metal NPs could be expected. The enhancement of MO effects and particular features has been predicted in the vicinity of SPR in granular magnetic materials [29] . The MO effects were found to be influenced by the size and shape of metal NPs. However, for Co NPs even in the SiO 2 matrix, the SPR peak manifests itself at λ < 300 nm [30] , i. e., significantly below the stop band of opal PC under consideration. On the other hand, the Faraday rotation and other MO effects were shown [31] to change considerably at the stop band for both 1D and 3D MPCs. The presence of metal component influences the average refraction index of hybrid sample n eff and hence the spectral position λ m of the stop band due to the Bragg diffraction of mth order [1] . In the case of close-packed SiO 2 spheres
where a = D 2/3 is the distance between the (111) crystallographic planes in fcc symmetry lattice, D is the diameter of SiO 2 sphere, and φ is the angle of light incidence with respect to the surface normal. The effective dielectric function of hybrid sample ε eff = n 2 eff Fig. 4 . Experimental (points) reflection spectra approximated by asymmetric lines (curves) at various angles of light incidence for opal crystal (sample M4c) before and after formation of Co nanoparticles inside opal lattice.
can be estimated in the approximation of effective media [28] :
where f i is the volume fraction of ith component with dielectric function ε i . In the case of spheres closely packed in fcc lattice, f sph = 0.74 and f v = 0.26 for spheres and voids between them, respectively. Figure 4 shows the reflection spectra for bare and Co-modified opal bulk crystal sample at various angles of light incidence. The spectral dependence of reflection coefficient R was approximated by asymmetric line
where A and x c is the amplitude and spectral position of the line and ω 1 , ω 2 , ω 3 are the halfwidth of the line and asymmetry parameters. As seen from Fig. 4 , the reflection peak is shifted to longer wavelengths in hybrid samples as compared to bare opal samples. The shift increases from 7 to 14 nm for light incidence angles varying from 10 to 40 • . The difference in the shift for various incidence angles can be caused by non-homogeneity of the synthetic bulk opal crystal and due to non-homogeneous distribution of Co NPs into the sample depth. However, making use of (11), (12) , and Co optical constants [32] , the ε eff value for hybrid sample can be estimated. In this approximation it was found that Co NPs occupy 0.5-1.0% of voids in the samples under investigation.
The presence of even such a low concentration of Co ions results in some reliably observed MO effects of hybrid Co-modified opal samples. Figures 5 and 6 illustrate typical MO spectra with specific features developed in the region of PC stop band. In Fig. 5 (a) the MCD spectrum (∆K C d) MO measured in PCS geometry is shown along with the optical transmission spectrum. As is seen, in the region of stop band the MCD is strongly enhanced. The maximal signal is ∼0.44·10 −2 for the sample OP1l (d = 0.75 mm) in magnetic field of 300 mT. In MCD spectrum inside the stop band, the fine structure detected that has been predicted theoretically [33] for 1D MPC. The magnitude of observed MCD is similar to that for fcc opal films modified with Fe 3 O 4 [7] . However, for comparison of the absolute values, the difference in sample characteristics should be taken into account.
The results of the studies of magnetic Faraday rotation are depicted in Fig. 5(b) for the same Co-modified opal sample OP1l as in Fig. 5(a) . The Faraday rotation is of order of 1 deg with enhanced value at the stop band. Note the fine structure of the I 2Ω signal at the stop band in zero magnetic field. It is reasonable to assume that this signal is contributed by the linear anisotropy (LB and LD) in opal crystals [17] . It should be noted that the particular features were not observed in nanocomposite materials of Co NPs in SiO 2 matrix in the corresponding spectral range [26] . Therefore, the enhancement of Faraday rotation in the vicinity of the stop band ( Fig. 5(b) ) can be attributed to particular feature of opal PC. A similar enhancement of Faraday rotation was observed in opal-magnetite composite [34] . The effective LB and LD spectra are presented in Fig. 6 . The shape of LB spectra is analogues to that for Faraday rotation. The observed signal was considered as magnetic field-induced ellipticity of normal waves due to the phase difference (∆Φ L ) MO (Fig. 6(a) ). In this approximation in a series of Co-modified opal crystals, the external magnetic field of order of 350 mT induced the phase difference of electromagnetic waves varying from circa 35 to 60 deg/(cm T) in the spectral range from 700 to 400 nm resulting in a corresponding change 0.10-0.35 in optical transmission.
It should be noted that in samples of investigated series with thickness of order of 0.5 mm in magnetic field of ∼300 mT, a weak magnetic linear dichroism of order of 1·10 −4 was also observed (Fig. 6(b) ). The magnetic LD increased two times near the stop band.
Summarizing, the 3D MPCs of bulk synthetic opal with Co particles of nanometric size were successfully prepared. The characteristics of Co NP were directly determined by SPM measurements. The magnetic properties of hybrid samples have shown that the Co NP correspond to the superparamagnetic system of non-interacting clusters at 300 K whereas magnetic interaction was significant at lower temperatures with a typical hysteresis observed at 5 and 25 K. The stop band was shown to be dependent on the concentration of Co NPs. From the shift of the stop band the Co NP was determined to occupy up to 2% of the voids in opal structure. The MO studies have shown that external magnetic field effectively influenced the optical transmission properties of hybrid Co-modified opal samples.
